and DFT (B3LYP and MPW1PW91) calculations, which revealed a strong dependence of the theoretical structure on the polarization of the basis set. Theoretical data indicate that only one conformer, gauche, is predicted by rotating around the S-S bond. This conformational preference was studied using the total energy scheme and natural bond orbital partition scheme.
Introduction
Thiosulfonates (CX 3 SO 2 S-R) arimportant in organic chemistry and biochemistry [1] since the relationship between their structural features and conformational preferences applications in cancer research and they act as antiviral agents.
Methanethiosulfonate reagents were first developed as tools to probe the structures and functions of proteins, particularly membrane proteins like ion channels. [2] The reagents react selectively and rapidly with thiols (sulfhydryls) to form disulfide bonds and, therefore, are highly efficient labeling agents for cysteine residues in proteins. [3] Papers have been published describing applications of methanethiosulfonates in cancer research 1 and as chemopreventive agents for liver neoplasia when administered in combination with Phenobarbital, [4] a bio-antimutagen reagent. [5] The CX 3 SO 2 S-R groupcaninteractwithdifferentintracellular proteinssuch as enzymes or receptors [6] . R-methanethiosulfonate (MTS) compounds are useful reagents to detect the thiol group present in cysteine residues of proteins by forming disulfide bonds [5] that are appropriate agents to characterize the structure and function of proteins.
The structural and conformational properties of CH 3 SO 2 SCH 3 [7] (MMTS) have already been studied in this laboratory. The gas-phase electron diffraction analysis of MMTS resulted in gauche structures with a CSSC dihedral angle of 80.1ºand, when we extended our investigation to the CF 3 SO 2 SCF 3 [8] molecule, the structural results predicted a gauche conformation (92.9°) as the most stable form.
The knowledge of physicochemical properties and reaction sites of bioactive compounds in theoretical studies is essential to gain a deeper insight into their properties and thus help in the design of new drugs with therapeutic effects. Hence, MMTS interaction with DPPC bilayers was studied by a combination of Fourier transform infrared (FTIR) and SERS spectroscopy with MD (Molecular Dynamics) simulations and quantum calculations, comparing the simulated and experimental FTIR and Raman spectra. [9, 10] Dipalmitoylphosphatidylcholine (DPPC) and MMTS would provide a better knowledge of their probable interaction.
Because of the extensive and varied field of application of this compound, we studied a new thiosulfonate derivative: Methyl trifluoromethanethiosulfonate, CF 3 SO 2 SCH 3 , synthesized according to reported literature. [11] Its structure was determined by theoretical calculations and compared with related sulfonates. [7, 8, [12] [13] [14] The barrier to internal rotation about the S-S bond was calculated using an assortment of computational approaches (both ab initio and DFT), and fitted to a six-fold Fourier-type expansion. The nature of the potential function was analyzed and the preferred conformation of the molecule was assessed with this methodology. The study was complemented by natural bond orbital (NBO) analysis to determine the presence of hyperconjugative interactions which favored a particular conformation. Additionally, infrared
and Raman spectra were recorded and complemented by quantum chemical calculations to obtain its an optimized geometry and the corresponding frequencies of the normal modes of vibration.
Materials and methods

Instrumentation
Infrared and Raman spectroscopy
Infrared spectra of CF 3 SO 2 SCH 3 in the gas and liquid phases were recorded with a resolution of 2 cm -1 in the 4000-400 cm -1 range at room temperature using a LUMEX Infra LUM FT-02
spectrometer. An IR glass cell (200 mm optical path length) with 0.5 mm thick Si windows was used to obtain gas phase spectra, whereas AgCl windows were employed for the liquid IR spectra. Raman spectra of the liquid at room temperature were obtained with a Thermo Scientific spectrometer (spectral resolution 4 cm -1 ) and the 780 nm radiation line of a diode laser was used for excitation. The liquid sample was handled in flame-sealed capillaries (4mm o. d.).
NMR spectra
The 1 H and 13 C NMR spectra were recorded at 25 °C on a Bruker Avance 200 spectrometer. The sample contained in a 4 mm flame-sealed capillary was introduced into a 5 mm NMR tube, using the residual signals of d 6 -DMSO as external reference. Chemical shifts (δ) are given in parts per million (ppm), coupling constants (J) are reported in Hz and the multiplicity is signalized as: s (singlet) and d (doublet).
UV-visible spectroscopy
The UV-visible spectra of the title compound were recorded on a UV-visible Hewlett-Packard 8454-A diode array spectrophotometer at 2.0 nm spectral bandwidth, using a quartz cell (100 mm optical path length). Measurements were carried out in the spectral region from 200 to 700 nm.
Computational details
The Gaussian 03 [15] set of programs was used to carry out the ab initio and DFT calculations.
Full optimizations were performed with standard gradient techniques at the MP2 [16] and DFT levels of theory. Three types of basis sets were employed: Pople´s 6-31G(d), 6-311(3df), 6-311+(d) and 6-311++G(d,p) [17] [18] [19] [20] [21] [22] basis sets were used as examples of small and large bases developed for molecular orbital (MO) calculations. Furthermore, Dunning's correlation consistent basis set of medium size, cc-pVDZ [23] , was also essayed. Becke's hybrid exchange B3 [24] was the exchange functional, and the Lee-Yang-Parr non-local functional, LYP [25] was employed for correlation. Also, the mPW1PW91 model was used as a modified Perdew-Wang exchange functional and Perdew-Wang 91 correlation [26] in order to assess the effect of the different HF exchange percentages (20% and 25%, respectively) on the molecular structure and vibrational properties.
The nature of the stationary points was checked through the vibrational wavenumbers, calculated from the analytical second derivatives of energy.
The study of the rotational barrier for the C-S-S-C torsion in terms of hyperconjugative, steric and electrostatic interactions provided an insight into the reasons for the relative stability of the gauche conformer. The potential energy curve for the corresponding torsion angle was calculated in 5° steps in the 0-180° range, allowing all other geometrical parameters to relax.
The energy profiles were fitted to a sixth-order Fourier expansion. [27] [1]
where N, the symmetry number, is equal to 1. No contributions to torsional energies from zeropoint energy were taken into account.
Natural bond orbital calculations were performed at the B3LYP/6-311G (3df) level using the NBO 3.0 [28] code as implemented in the Gaussian 03 package.The force constant calculations for CF 3 SO 2 SCH 3 including a force field transformation, scaling and determination of the potential energy distribution, was performed with the FCARTP program. [29] ) cos 1 ( 2 1 ) (
Electronic transitions were calculated within the framework of the Time-Dependent Density Functional Theory [30] at theB3LYP/6-311++G(d,p) level.
Synthesis, physical properties and spectroscopic characterization Synthesis
Methyl trifluoromethanethiosulfonate, CF 3 SO 2 SCH 3 , was obtained by reaction of CH 3 SCl and Zn(CF 3 SO 2 ) 2 based on the a reported synthesis [11] with some modifications. CH 3 SCl (5 mmol) was condensed, through a vacuum line, into a flask containing Zn(CF 3 SO 2 ) 2 (2 mmol). The Table S1 ).
Structural results
No theoretical or experimental structures were available for CF 3 SO 2 SCH 3 , but our research group studied several methanesulfonic acid derivatives, where mostly fluorinated ones exhibit a gauche conformation. Thus, it was possible to predict that the conformations with dihedral angle [34] ).
In order to gain some insight into the rotational barrier of this compound, the potential energy of the C-S-S-C torsion was calculated at the MP2, B3LYP and MPW1PW91 levels, using the 6-311G (3dfd) basis set ( Figure S1 ). A good agreement was found between the MP2 and DFT methods, both predicting two minima and mirror images with S(5)-C(6) bond (for atom numbering see Figure 1 ) approximately eclipsing one of the S=O bonds.
The gauche conformation, with a C-S-S-C dihedral angle of about 82.89° (MP2/6-311++G(3df)) is shown in Figure 2 , and the calculated energies are reported in [7] are compared in Table 1 . As found for related compounds, [7, 8, [12] [13] [14] 34] inclusion of extra polarization functions (beyond a single d function) was necessary to predict accurately the bond lengths in this type of molecule.
As shown in Table 1 , the bond length distance of C-S(SO 2 ) and C-S(S) decreased with decreasing electronegativity of the group CX 3 (X=H,F) while the opposite behavior was observed for the S = O bond distance.
The S-S bond was the most sensitive parameter to changes in electronegativity; the bond length underwent a different behavior. The S-S bond distance was shorter for CF 3 SO 2 SCH 3 in comparison with the other two thioesters. This fact could be explained by the electronegativity difference between the CX 3 groups (X = F, H) around the S-S bond, which affects the value of local dipoles and electron delocalization.
The decomposition of the total energy function and the analysis of the different V i terms were carried out to determine why most sulfonates prefer the gauche conformation.
As previously shown, it is an effective method of analyzing the stabilization of different conformations in molecular systems. [34] [35] [36] [37] [38] were less significant when deconvoluting the potential energy curve. there is a strong preference for an anti geometry.
As shown in Table S3 , also in Figure 2 , the value of V 1 is greater in the fully methylated sulfonate, CH 3 SO 2 SCH 3 . Taking into account the behavior of the dipole moment with the variation of the CSSC dihedral angle for sulfonates, greater changes of the dipole moment were found in CH 3 SO 2 SCH 3 . This result is consistent with the electrostatic effects that influence the stability of the anti form, which is the most stable conformation for CH 3 SO 2 SCH 3 .
This fact can be rationalized by considering the interactions between local dipoles through the SO 2 Me group and through SMe. As shown in Figure S2 , the total dipole moment (µ) for the anticonformer is smaller than that for the gauche conformer. This indicates that for the anti conformerthese local dipoles are opposite in direction, a fact consistent with the value for V 1
given by the Fourier analysis.
For all sulfonates the V 2 term is large and negative, which favors the gauche form over the anti conformer. This term is much larger in the fluorinated compounds. This fact was discussed in a previous work by Defonsi et al., [ 8] but it should be noted that the greatest value of V 2 occurs in CF 3 SO 2 SCH 3 . This is because the difference in electronegativity between the CX 3 (X=H, F) groups and the gauche form favors the orbital overlapping, so that a greater electron delocalization is observed.
The V 3 term is associated with adverse bond-bond eclipsing interactions, exhibiting a three-fold periodicity for a torsion involving sp 3 -hybridized sulfur atoms. [37] As V 1 term, V 3 also preferentially stabilizes the anti conformer, but the large and negative V 2 term favors the gauche form over the anti form.
Vibrational study
The main conformer of CF 3 SO 2 SCH 3 has C 1 symmetry and its 30 normal modes of vibration are active in IR and Raman. Representative spectra are shown in Figures 3 (a, b) (IR gas and SQM calculated spectra) and 4 (Raman liquid and SQM calculated spectra) while the frequencies of the observed spectral features are sumarized in Table S4 and Figure S3 . compromise between economy of computational resources, accuracy and applicability to manyatoms systems. [7, 8, [12] [13] [14] [31] [32] [33] [34] The vibrational behavior of methanesulfonic acid derivatives was extensively studied by our group and the corresponding assignment for CF 3 SO 2 SCH 3 was performed based on these earlier works. and 100 cm −1 at 2 cm −1 resolution.
CH 3 modes.
The three CH 3 stretching modes are located in the 3000 cm -1 region. Three bands can be observed in the gas spectrum at 3000, 2970 and 2926 cm -1 which are assigned to the antisymmetric and symmetric stretching modes. Taking into account the frequencies and assignments for the CH 3 SO 2 SCH 3 , [7] the lowest frequency (2926 cm -1 ) corresponds to the symmetric CH 3 stretching with an intense Raman counterpart at 2944 cm -1 , whereas the 3000-2970 cm -1 bands correspond to the antisymmetric CH 3 modes. The CH 3 bending modes should appear in the 1480-1400 cm -1 region. The very weak bands and shoulders that appear in the infrared and Raman spectra can be assigned to these modes, as detailed in Figures 3(b) respectively. The C(1)-S(2) and S(5)-C(6) stretching modes are associated with the bands located at 371 and 690 cm -1 , respectively, in the Raman spectrum.
Electronic analysis
The experimental and calculated UV-visible spectra of methyl trifluoromethanethiosulfonate are presented in Figure 5 . Table 3 shows the main absorption bands correlated with the calculated values and a tentative assignment of the electronic transitions. Only the dominant transitions (f > 0.06) were used to assign the observed bands. [a] Absorption maxima spectral positions are given in nm.
[b] Oscillator strengths of calculated transitions, shown in parenthesis, are in atomic units.
[c] Shoulder
The main involved molecular orbitals are displayed in Figure 6 . The shoulder observed at 210 nm is mainly due to the contribution of one electron in transitions HOMO-1 →LUMO+2 and HOMO-4 →LUMO (Calc. 168 and 170 nm). It is originated by excitations from non-bonding orbitals of both oxygen atoms and the sulfur atom attached to the CH 3 group to some d character orbitals of the S atom of the SO 2 group.
The absorption at 252 nm is attributed principally to transitions from HOMO-1 →LUMO (Calc.
nm)
. This absorption is generated by transitions from non-bonding orbitals of both oxygen and one of the sulfur atoms to the σ* orbital of the S-S single bond. 
NBO analysis
The role of hyperconjugative interactions in the stabilization of the gauche conformer has been assessed using NBO analysis, where the hyperconjugation represents the transfer of an electron between a lone pair or bonding orbital and an antibonding orbital ( Table 4) . Taking into account the different electronegativity of the CX 3 groups, it can be observed that by increasing electronegativity, the total hyperconjugative interactions are higher. The gauche form favors the orbital overlap and, with increasing electronegativity of CX 3 group, the interacting atoms have a positive charge which facilitates electron delocalization. (anomeric effect) for thio-compounds with different electrostatic environments. X-SS-X compounds (X = F, Cl, CF 3 , CH 3 , FC(O)) [39] [40] [41] [42] [43] show that a higher electronegativity of X increases the anomeric effect (S ----XY) and therefore the value of the υ S-S frequency. Figure 2) ; second, a higher anomeric effect (LP S → σ* C (1) − S(2)) produces a decreased σ*S-S occupancy (Table S5 ) decreasing its bond length and increasing υ S-S frequency. 
Force constant calculations
The cartesian coordinate force field, as generated by the Gaussian program [15] at B3LYP/6-31G(d) level, was transformed with a set of non-redundant, natural coordinates defined in Table   S6 .
Such coordinates take into account the local symmetry around the C and S atoms and follow the proposals of Fogarassi et al. [44] The resulting force field was subsequently scaled using the scheme proposed by Pulay et al. [45] where the diagonal force constants were multiplied by a set of scale factors k i , k j , ... and the corresponding interaction constants multiplied by (k i ×k j ) ½ . The initial scale factors were defined with the values used before for the sulfonates calculated previously [7, 8, [12] [13] [14] [31] [32] [33] [34] ,. In the adjustment, the same weight was assigned to all vibrational bands except for those missing or showing uncertain frequencies; in these cases a value of zero was used. No empirical correction of the theoretical geometry was used. The potential-energy distribution matrix was calculated with the resulting scaled quantum mechanics (SQM) force field. The final RMSD and potential-energy distribution are presented in Table S4 .
The SQM force field (Table S7 , Supporting Information) was used to calculate the internal force constants shown in Table S8 IR and Raman spectra were obtained for CF 3 SO 2 SCH 3 and the vibrational data were used as a basis to define an SQM force field and internal force constants. In covalent sulfonates, the SO 2 stretching modes were very sensitive to changes in the electronegativity of the substituents. The increase in the electronegativity of the CX 3 group caused a greater separation between the antisymmetric and symmetric stretching bands.
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